The intergrowth crystal of n-tetracosane/urea presents a misfit parameter, defined by the ratio γ = c h /c g (c host /c guest ), that is very close to a commensurate value (γ ∼ = 1/3). High-resolution diffraction studies presented here reveal an aperiodic misfit parameter of γ = 0.3369, which is found to be constant at all temperatures studied. A complex sequence of structural phases is reported. The high temperature phase (phase I) exists in the four-dimensional superspace group P 6 1 22(00γ ). At T c1 = 179(1) K, a ferroelastic phase transition increases the dimension of the crystallographic superspace. This orthorhombic phase (phase II) is characterized by the five-dimensional (5D) superspace group C222 1 (00γ )(10δ) with a modulation vector a o * + c m * = a o * + δ · c h * , in which the supplementary misfit parameter is δ = 0.025(1) in host reciprocal units. This corresponds to the appearance of a modulation of very long period (about 440 ± 16Å). At T c2 = 163.0(5) K, a 5D to 5D phase transition leads to the crystallographic superspace group P 2 1 2 1 2 1 (00γ )(00δ) with a very similar value of δ. This phase transition reveals a significant hysteresis effect.
I. INTRODUCTION
The study of aperiodic materials is a rapidly emerging field [1, 2] . These materials possess long-range order but no translational symmetry in the physical space of dimension D. All of these materials recover translational symmetry in higher dimensional spaces of dimension (D + d), and they are described within so-called crystallographic superspaces of rank D + d. Aperiodic materials are conventionally divided into three families: quasicrystals [3, 4] , incommensurately modulated or magnetic crystals [5, 6] , and composite crystals [7, 8] . Incommensurately modulated crystals are the simplest of the three because there is always a periodic, high-symmetry phase. The incommensurate phase arises through the appearance of incommensurate modulations, which are described with reference to the mean basic structure of the high symmetry phase. In contrast, incommensurate composite crystals are composed of at least two imbricated subsystems that are incommensurate in at least one direction. The superspace group of an aperiodic composite is determined by choosing one of the subsystems to define the basis vectors of this modulated subsystem and the vectors of the incommensurate modulations.
In the case of composite aperiodic crystals, supramolecular chemistry and crystal engineering enable very attractive aperiodic host-guest architectures, wherein guest molecules are confined, with their own periodicities, in nanochannels [9, 10] . The diffraction patterns of these aperiodic materials exhibit sharp Bragg peaks characteristic of long-range order, although the systems are not invariant under a lattice of translations [11, 12] . The crystallographic superspace that describes such materials decomposes into two orthogonal subspaces, * To whom correspondence should be addressed: mdholl@ksu.edu; bertrand.toudic@univ-rennes1.fr the usual physical space and an internal one. For intergrowth nanotubular structures that have a single incommensurate direction c, a four-dimensional (4D) superspace description gives the positions of all of the Bragg peaks [13] [14] [15] Q hkl m = h a * + k b * + l c h * + m c g * ,
where a * , b * , c h * , and c g * are the conventional reciprocal unit cell vectors, and c h and c g refer to the host and the guest parameters. Four indices (h, k, l, and m) are needed to describe the four different types of structure Bragg peaks: a convenient but simplistic labeling is that h k 0 0, h k l 0, h k 0 m, and h k l m, with l and m different from zero, correspond to the common, host, guest, and satellite Bragg peaks, respectively. However, due to intermodulation, the intensities of the "host" and "guest" Bragg peaks exhibit influences from both substructures.
Urea inclusion compounds constitute a very simple paradigm of self-assembled nanoporous crystals [15] [16] [17] . nAlkane/urea [n-C n H 2n+2 /(CO(NH 2 ) 2 )] crystals are typically incommensurate materials, and indeed diffraction patterns with the four types of Bragg peaks have been reported in these materials [18] [19] [20] [21] . Structural instabilities have been extensively studied in these materials [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . High pressure studies demonstrate that the guest-guest interactions along the aperiodic direction can be manipulated [33] , enhancing the interest in further studying the competition between forces in favor of or against commensurability. Here we focus on n-tetracosane/urea [n-C 24 H 50 /urea, Figs. 1(a) and 1(b)], an aperiodic composite characterized by a misfit parameter very close to a rational number at ambient conditions: γ = c h /c g ∼ = 1/3, according to Lenné's formula [34] .
Diffraction studies concerning n-alkane/urea inclusion compounds close to commensurability have been reported previously. These include n-heptane/urea, where γ is very close to unity (γ = 0.981 at ambient conditions) [21] and n-hexadecane/urea, where γ is close to 1/2 (γ = 0.486 at ambient conditions) [20] . In n-hexadecane/urea, the misfit parameter was found to be constant as a function of temperature at ambient pressure; these composite crystals were therefore aperiodic at all temperatures measured. Only after application of hydrostatic pressure of about 0.40 GPa did this system lock into a commensurate phase with γ = 1/2 [33] . Lock-in was attained by virtue of the larger compressibility along the channel axis of the guest compared to the host, which is extensively hydrogen bonded.
II. EXPERIMENTAL DETAILS
In order to discriminate between large periodicities and incommensurability, measurements were performed using high-resolution laboratory x-rays and very high-resolution synchrotron x-rays. The initial x-ray diffraction measurements were performed using monochromatic Cu-K α radiation from a rotating anode source and a high-resolution mar345dtb imaging plate detector (Marresearch GmbH), which was placed as far as 400 mm from the crystal to spatially resolve the Bragg peaks and satellites. Crystals were aligned with their needle axes (c) along the ϕ axis of the goniostat, and rotating crystal measurements were performed. Two types of measurements were conducted: large ϕ rotations of 60°w ere used to capture large regions of the accessible diffraction pattern, whereas full data acquisitions with 1°or 2°ϕ rotation steps were used to reconstruct the required diffraction planes.
CrysAlisPro software from Agilent Technologies was used to analyze the full data collections. Local MatLab routines as well as WxDiff [35] were used to analyze individual frames. Diffraction experiments with very high spatial resolution were performed on the CRISTAL beamline at the synchrotron SOLEIL at L'Orme des Merisiers, Gif-sur-Yvette, using an ATLAS CCD detector (Oxford Diffraction) with λ = 1.54980Å, on beamline 11-3 at the Stanford Synchrotron Radiation Laboratory (SSRL) using a mar345 detector and λ = 0.97440Å, and on beamline 14-BM-C at the Advanced Photon Source (APS) using an ADSC Quantum 315 CCD detector and a wavelength of λ = 0.97870Å. Crystals of n-tetracosane/urea were grown by slowly cooling a solution of 513 mg of n-tetracosane (Aldrich, 99%) and 5.04 g of urea in 23 ml methanol, 48 ml isobutyl alcohol, and 2.2 ml H 2 O from 60°C to room temperature.
1 H solution NMR spectra (400 MHz, DMF-d 7 ) showed no detectable amount of either methanol or isobutyl alcohol in the channels.
III. THE HIGH SYMMETRY PHASE (PHASE I) AND THE FERROELASTIC PHASE TRANSITION
Figure 1(c) shows the 60°oscillation images, obtained on the mar345dtb system, in the high symmetry (HS) phase (phase I) at room temperature and in the primitive, low symmetry phase (phase III) at 100 K. 71Å, only slightly shorter than three host repeats (33.06Å). Thus, although the system is, by construction, exceptionally close to commensurate, and although both host and guest substructures are subject to completely different forces, as illustrated in previous stress-strain measurements [32, 33] , no lock-in tendency is observed. n-Tetracosane/urea is thus aperiodic at all temperatures from room temperature to 100 K. In the case of n-alkane/urea inclusion compounds, the superspace group is conventionally described by using the mean structure of the host (urea) subsystem. According to our analysis of the room temperature data, the crystal is described by the same crystallographic superspace group P 6 1 22(00γ ) as previously determined at room temperature for other n-alkane/urea crystals [20, 36, 37] . Although the diffuse layers signify substantial displacive disorder of the guests along the c axis, in ordered regions of the crystal, the host and guest share hexagonal symmetry, and the offset between guest molecules in adjacent channels ( g ) [17] is 0Å. The DSC traces of n-tetracosane/urea indicate two phase transitions from 80 K to room temperature [38] , the first at approximately 178 K, and a second, weaker one just below the first one. The first of these phase transitions presents a strong calorimetric signature, proof of a significant structural rearrangement at this temperature. This corresponds to the ferroelastic phase transition from the hexagonal superspace group to an orthorhombic one, as evidenced in the low temperature diffraction images by two different signatures. The first crystallographic signature concerns the existence of six symmetry-related orthorhombic domains [24] . This is manifested in the low-temperature diffraction image shown in Fig. 1(c) through the vertical splitting of the structure Bragg peaks. The temperature evolution of this splitting is shown in Fig. 3 and leads to a transition temperature, called T c1 , of 179 K. The second crystallographic signature is marked by the appearance of "superstructure" Bragg peaks in the orthorhombic phase. This is clearly evidenced by comparing the diffraction images in Fig. 1(c) of the high symmetry phase (left) and low symmetry phase (right). At 100 K the superstructure Bragg peaks obey the condition h + k = odd, using the orthorhombic notation (which will be designated in the following with a subscript "o").
IV. LONG-RANGE MODULATION IN THE LOWEST TEMPERATURE PHASE (PHASE III)
Because of the complexities of the phase transition at T c2 , it is most convenient to first discuss the characteristics of the lowest temperature phase (phase III). In the diffraction pattern measured at 90 K using the CRISTAL beamline at synchrotron SOLEIL, each of the superstructure lines [as denoted in Fig. 1(c) ] exhibits a set of closely spaced Bragg peaks with maxima around 0, γ , 2γ , and 1 in urea reciprocal units along c * (Fig. 4) . No such closely spaced Bragg peaks appear in the structure lines (i.e., with h + k = even) in the orthorhombic setting. the experimental data was obtained by fitting the superstructure Bragg peaks to multiple positions of a modulation vector c m * = (0.025 ± 0.001)c h * , referred to common, guest, and host Bragg positions. We note that these satellite Bragg peaks vanish for values of Q just beyond γ [ Fig. 4(a) ]. This is interpreted as a result of the peculiar variation of the molecular form factor of the alkane guest along c * , which drops to zero just beyond c * = γ [ Fig. 4(a) ]. (See Ref. [39] for details of the calculation.) This suggests that this long-range modulation is most closely associated with the guest molecules.
As stated, at 110 K, n-tetracosane/urea is aperiodic with γ = 0.3369 ± 0.0002. In order to describe the new superstructure Bragg peaks, a fifth, independent reciprocal vector must be introduced. This yields the following expression for the set of vectors Q hkl mn , which give the positions of the whole set of Bragg peaks in this phase:
Full characterization of the diffraction pattern of this lowest temperature phase therefore requires five independent parameters (h, k, l, m, and n). The nomenclature concerning the first four indices h, k, l, and m is the same as that used for the four-dimensional case discussed above. The fifth index n is associated with the fifth independent parameter c m * , which appears in this orthorhombic phase and characterizes the supplementary modulation in this phase (and in phase II). Superspace groups must be discussed in terms of the presence conditions for the (h k l m n) Bragg peaks (as in standard crystallography). The superspace groups of dimension five have been systematically discussed in Refs. [40, 41] and tabulated in Ref. [42] . According to this work, the superspace group describing phase III is number 19.2.18.1 : P 2 1 2 1 2 1 (00γ )(00δ). The modulation vector q characterizing phase III is c m * = (0,0,δ), and the reflection conditions for this superspace group are 00lmn : l = even; h0000 : h = even; 0k000 : k = even, with no condition on the sum (h + k + n), as illustrated in Fig. 5(a) . The temperature evolution of these new Bragg peaks is shown in Fig. 6 . m n) , which demonstrate that h + k + n = odd Bragg peaks characterize phase III (n = 0 in blue filled circles, n = 2 in black triangles) and that h + k + n = even Bragg peaks characterize phase II (n = 1 in pink circles).
As noted above, a special feature in this phase is the existence of a series of superstructure Bragg peaks, at positions nδ = n(0.025 ± 0.001) in reciprocal urea units along the c * direction. This corresponds to a long-range modulation wavelength of about 440 ± 16Å along the channel direction. This modulation defines a very long periodicity in real space in the vicinity of 13 times the guest repeat (c g ) and 40 times the host (c h ) repeat. In the absence of a commensurate lock-in, modulation of the orientation and/or conformation of the guest component would appear to be a chemically reasonable way of generating the observed long-range modulation. This notion is supported by the intensity distribution of satellites, which coincides with the form factor of the guest molecules. However, careful fits of γ and δ in individual frames collected on APS beamline 14-BM-C at 110 K with the detector at 980 and 440 mm do not have sufficient resolution to verify the hypothesis that the wavelength of the long-range modulation is an integral number of guest molecules.
Here it is important to stress that the determination of a precise value of δ in phase III is very difficult since γ and δ are very close to commensurate values. At the upper end of phase III, it is sometimes possible to observe intensity from {2 3 1 −3 0} o reflections in clearly pristine regions of the crystal. Severe peak overlap makes it difficult to find an indisputable indexing of all of the additional Bragg peaks. Several measurements were performed on different crystals using different high-resolution synchrotron beamlines and, after careful fitting, yield values of δ that vary between 0.024 and 0.026.
V. A FIVE-DIMENSIONAL C-CENTERED INTERMEDIATE PHASE (PHASE II)
The temperature evolution of the superstructure lines revealed a more complex feature as the crystal was cooled through the ferroelastic phase transition (Fig. 6) . Using the same indexation as in phase III, superstructure Bragg peaks with h + k + n = even appeared abruptly below T c1 , whereas those with h + k + n = odd were systematically absent upon cooling from T c1 to 163 K, signifying a new phase with this presence condition (Fig. 6) .
This intermediate phase (phase II) also requires five dimensions to fully characterize its diffraction pattern, which exhibits additional extinction conditions. Figure 7 reveals the systematic absence of Bragg peaks (h k l m n) with even n in this superstructure line, in which h + k = odd for any values of l and m, as shown around the common Bragg peak (l = 0, m = 0), the alkane Bragg peak (l = 0, m = 1), and the host Bragg peak (l = 1, m = 0). In other words, the condition for the presence of the Bragg peaks in this intermediate phase is h + k + n = even. In Fig. 6(b) , which shows the temperature evolution of the averaged intensities of superstructure Bragg peaks (h k l m n), phase III is characterized by the gradual appearance of the forbidden Bragg peaks of phase II, i.e., those with the condition h + k + n odd (n = 0 in blue, n = 2 in black). The transition temperature leading from phase II to phase III is T c2 = 163 K.
In contrast with phase III, phase II presents the extinction conditions of a C-centered superspace group. Using the basis a o * , b o * , c h * , c g * , and c m * , the modulation vector characterizing phase II is q = (a o * + c m * ), that is q(1 0 0 0 1). The reflections obey the condition of h + k + n = even, as shown in Fig. 5(b) . According to Ref.
[42] the superspace group of rank 5 that describes phase II is number 20.2.24.2 : C222 1 (00γ )(10δ). A similar value of δ = (0.027 ± 0.001) in urea reciprocal units, is found within the limit of precision of our measurements.
This 5D superspace group is justified even if the wavelength of this long-range modulation (approximately 408 ± 16Å) is taken to be 13 guest molecules because no 4D superspace group is consistent with the observed systematic absences of h + k + m = odd when γ is replaced by δ. (This condition holds near the common peak, but not in the vicinity of the first guest layer line, where odd values of n in 5D superspace would change to even values of m in 4D superspace, and therefore violate the absence condition.) In the high symmetry phase, all channels are equivalently modulated, whereas in phase II, there is a shift of one-half the period of the long-range modulation function in adjacent channels along the b direction. The pretransitional scattering that appears in the superstructure line when approaching the ferroelastic transition at T c1 exhibits a very large correlation length along the channel axis, as extremely high-resolution studies have shown in n-nonadecane/urea [43] . As revealed in Fig. 8 , the superstructure Bragg peaks that characterize T c2 exhibit a pronounced hysteresis upon warming and cooling the crystal. Indeed, both the common (n = 0, not shown) and n = 2 superstructure Bragg peaks, which characterize the low temperature phase, yield a value of T c2 = 175 K upon warming 163 K upon cooling.
Characterization of the modulations in phases II and III would require crystal structure determinations in 5D crystallographic superspace. As discussed in a previous paper [44] , the great difficulty with such a structure determination arises from the severe peak overlap due to the long-range modulation and from the six symmetry-related nonmerohedral domains within the orthorhombic phase. As seen in Fig. 2(c) , even with a synchrotron using a detector distance of 980 mm and a wavelength of 0.9787Å, the Bragg peaks in phase III are only just resolved along c * . Full structure determination at even modest resolution would require a detector distance of much less than 200 mm, but this would not be sufficient to resolve the peaks.
VI. CONCLUSIONS
A complex structural evolution is observed in n-tetracosane/urea, in some ways similar to n-nonadecane/ urea [36, 37] . However, much larger values of the modulation wavelength are observed in n-tetracosane/urea (λ = 408 ± 16 and 440 ± 16Å) than in n-nonadecane/urea (λ = 122Å). Surprisingly, even though both substructures are known to involve completely different interactions (hydrogen bonds for the host and van der Waals interactions for the guest), no evolution of the misfit parameter is observed as a function of temperature. Although a significant lock-in energy was reported in another n-alkane/urea inclusion compound (about 3.2 kJ/mol in n-hexadecane/urea), no lock-in phenomenon is observed in n-tetracosane/urea (γ = 0.3369). Comparison with accurate guest repeats of alkane UICs determined with the mar345dtb system and with synchrotron sources indicates that c g for n-tetracosane/urea is approximately 0.1Å shorter than expected from other long-chain alkanes in urea. One might therefore naïvely expect that entropy of guest motion would favor selective expansion of the guest as the crystal is warmed [17, 45] . However, with laboratory data obtained on the mar345dtb system (d = 150 mm), no measureable change in γ was observed between 290 and 350 K. The absence of a thermal lock-in in this system testifies to the subtle balance of host-guest interactions in alkane/urea inclusion compounds.
